Temperate coliphage HK022 requires integration host factor (IHF) for lytic growth. The determinant responsible for this requirement was identified as a new gene (roi) located between genes P and Q. This gene encodes a DNA-binding protein (Roi) containing a helix-turn-helix motif. We have shown that Roi binds a site within its own gene that is closely linked to an IHF binding site. By gel retardation experiments, we have found that IHF binding stabilizes the interaction of Roi with its gene. We have isolated three independent phage mutants that are able to grow on an IHF ؊ host. They carry different mutations scattered in the roi gene and specifying single amino-acid changes. The interactions of all three Roi mutant proteins with the Roi binding site differed from that of the wild type. Roi displays strong similarities, in its C-terminal half, to two putative DNA-binding proteins of bacteriophage P1: Ant1 and KilA. The mode of action of the Roi protein and the possibility that IHF is modulating the expression and/or the action of Roi are discussed.
HK022 is a temperate coliphage, a member of the lambdoid family, to which belong phages lambda, 80, 21, P22, and 434. These phages share a common genetic organization which allows the exchange of information, genes or blocks of genes, among them (6) . Some genes are always required for the phage to form plaques, while other genes are not essential for phage development in standard hosts but can play important roles in certain circumstances. These have been called accessory genes (6) . Some accessory genes are carried by some of the phages in the family but not by others. It is known that phage lambda can form plaques in a host deficient in the integration host factor (IHF). In contrast, HK022 (8) and 80 (20, 21) do not form plaques in a host deficient in IHF. The basis of the HK022 IHF requirement was unknown and is the subject of this study.
IHF is a small DNA-binding protein belonging to the family of prokaryotic histone-like proteins. It has remarkable DNAbinding properties: unlike most histone-like proteins, it binds preferentially to specific sites in DNA, makes most of its sequence-specific contacts in the minor groove of DNA, and is one of the strongest DNA-bending proteins (reviewed in references 22 and 23) . In bacteria and their mobile genetic elements, IHF participates in a number of cellular processes such as DNA replication, site-specific recombination, bacteriophage packaging, and the positive and negative control of the expression of certain genes (reviewed in references 9, 10, and 23).
Bacteriophages Mu, lambda cin-1, and 80 require IHF for plaque formation. The requirement of IHF for growth of Mu and lambda cin-1 appears to be satisfied by IHF's binding to a single identified site in each phage (14, 15) . In both cases, IHF exerts its effect at the transcriptional level by modulating transcription from a promoter. For phage 80, a function (rha) which is inhibitory for growth of this phage in IHF Ϫ cells has been described; it maps in the QSR gene region of 80 and is transcribed from the late pRЈ promoter. The mechanism of action of the Rha protein is unknown (18, 20, 21) .
Weisberg and Oberto (28a) used a collection of hybrids between HK022 and lambda, constructed in vivo by recombination between the two genomes, to locate the HK022 determinant for the IHF requirement between the replication, P, and antitermination, Q, genes in the right operon of the phage. Since transcription of this part of the genome starts at the pR promoter, far upstream of the determinant region, this location suggests that the IHF effect does not involve a modulation of transcription from a promoter, in contrast to the situation for Mu and lambda cin-1 mentioned above.
In the present study, we describe a genetic determinant responsible for the HK022 growth defect in IHF Ϫ cells, which we have named roi (reduced on IHF Ϫ cells). We have identified the roi gene and isolated mutants with mutations of this new gene, and we have begun to characterize the possible mode of action of the Roi protein.
MATERIALS AND METHODS
Bacterial strains and phages. Bacterial strains, phages, and plasmids and their relevant genotypes are shown in Table 1 .
Plasmid construction. Plasmid pH1 was constructed by cloning a 2-kb HindIII fragment of phage HK022roi1 into the HindIII site of plasmid pUC19. Plasmid pH1⌬E1 was constructed by cloning a 0.8-kb HindIII-EcoRI fragment, a subclone of the 2-kb HindIII fragment of the pH1 plasmid, into the HindIII and EcoRI sites of pUC19. Plasmid pH4⌬E1 was constructed by cloning a 1.2-kb EcoRI-HindIII fragment, a subclone of the HindIII fragment of the pH1 plasmid, into the HindIII and EcoRI sites of pUC19. Three other plasmids, pH6wt, pB1wt, and pH2wt, were constructed by cloning the homologous 2-kb HindIII, 0.8-kb HindIII-EcoRI, and 1.2-kb EcoRI-HindIII fragments into pUC19, but the fragments were isolated from phage HK022 (roi wild type [wt] ).
Amplification by PCR and cloning. A 47-bp segment containing the IHF binding site inside the roi gene was amplified according to the procedure of Perkin-Elmer Cetus Corporation. The forward primer, containing a BamHI site, was 5Ј-CGGGATCCGCAGCACACTAACAT, and the reverse primer, also containing a BamHI site, was 5Ј-CGGGATCCCGGTAATAACACC. The fragment obtained from the PCR amplification was purified with the Wizard PCR Preps DNA Purification System (Promega Corporation), digested with BamHI, and cloned into the BamHI site of the vector pUC19 to give plasmid pUC19-1B1. The BamHI fragment was labeled with [␣-32 P]dATP and Klenow enzyme to give a labeled probe used in gel retardation experiments. The roi gene (wt) and the roi1, roi2, and roi3 genes were amplified directly from DNA of phages HK022, HK022roi1, HK022roi2, and HK022roi3 by using two primers. The forward primer, containing a BamHI site, was 5Ј-CGGGATCCGAATAGCTCAATG, and the reverse primer, containing a HindIII site, was 5Ј-CCGGGCCCAAGCT TAAGCAGCCTCCCC. The fragments obtained from the PCR amplification were purified as described above, digested with BamHI and HindIII, and cloned into the pUHE20 expression vector (5) digested with BamHI and HindIII, giving plasmids pUHE-roiwt, pUHE-roi1, pUHE-roi2, and pUHE-roi3. The genes are under a T5 promoter controlled by lac operator sequences and inducible by IPTG (isopropyl-␤-D-thiogalactopyranoside).
Preparation of DNA. Small-scale phage and plasmid DNA preparations were done according to the methods of Oberto et al. (24) and Sambrook et al. (26) , respectively.
Crude protein extracts. The proteins were extracted by sonication as described by Bétermier et al. (4) . The plasmids pUHE20, pUHE20-roiwt, pUHE20-roi1, pUHE20-roi2, and pUHE20-roi3 were introduced into strain MCG16 (IHF Table 1) . Crude extracts of cultures of cells of MCG16 and MCG33 containing the five plasmids were prepared without induction of the promoter by IPTG. Transcription from the promoter occurs at some level in the absence of IPTG, and addition of IPTG has deleterious effects on cell growth (data not shown). Crude extracts were also prepared from strains MC1000 (IHF , and 50 ng of 32 P-labeled fragment. Incubation was carried out at 16ЊC for 20 min, and 3 l of loading buffer (50% glycerol, 1 mg of BSA per ml, 0.02% xylene cyanol) was added prior to loading of the mixture on a 7.5% polyacrylamide gel. The gel buffer used was 50 mM Tris-glycine (pH 9.4)-0.1 mM EDTA (3). Electrophoresis was performed at 4ЊC at 12 V/cm. The gel was dried and subjected to autoradiography.
Nucleotide sequence accession number. The sequence reported here has been assigned GenBank accession number U47336.
RESULTS
Isolation of mutants and marker rescue to localize the roi gene. In the course of a previous study, we had isolated a mutant of HK022 (called O342) that had lost about 1.5 kb of DNA between genes P and Q, in the right operon (7). Little is known about this region in HK022. The parental phage was not able to grow on an IHF Ϫ host, but the deletion mutant was able to grow on such a strain. This result showed that the determinant for the IHF requirement is located in this region. Table 2 shows that there is a difference of ϳ10 4 between the plating efficiencies of phage HK022 on strain MCG32 (IHF Ϫ ) 
. Several lysates were made from several isolated plaques of phage HK022 grown on strain MC1000 (IHF ϩ ). Several independent mutants of phage HK022 were then isolated by plating these lysates on strain MCG32 (IHF Ϫ ). Three phage strains from three isolated plaques growing on strain MGC32 were retained for further study: HK022roi1, HK022roi2, and HK022roi3 (Table 1) . DNA was isolated from phages HK022, HK022roi1, HK022roi2, and HK022roi3 (see Materials and Methods) and digested with several frequently cutting restriction enzymes. There were no differences between the restriction patterns of the mutant phages and that of the wild-type phage (data not shown). These results suggest that the three mutations are not large deletions or insertions but that they could be point mutations.
Marker rescue experiments were performed to localize the mutation in the roi1 mutant. The 2-kb HindIII restriction fragment located in the P-Q region of the phage map (24) was cloned from phages HK022 and HK022roi1 into the HindIII site of pUC19, giving plasmids pH6wt and pH1, respectively (Fig. 1) . One of the HindIII sites maps in an unsequenced region of HK022, and the second HindIII site maps in the Q gene of HK022, a gene whose sequence is known (2) . Growth of HK022 on IHF ϩ and IHF Ϫ isogenic derivatives carrying the different plasmids was recorded, and the ratios of phage yields from isogenic strains were compared ( Table 2 ). The presence of plasmid pH1 (roi1) resulted in a plating efficiency on the IHF Ϫ derivative about 100 times greater than that of plasmid pH6wt (compare MCG69/MCG19 ratio and MCG66/MCG23 ratio). This indicated that the mutation in HK022roi1 is located in this HindIII fragment. It is likely that homologous recombination is occurring between the mutant plasmid and the phage, and this consequently allows growth of recombinant phage in IHF Ϫ mutants. We can exclude the possibility that complementation is mainly responsible for the increase in the number of the mutant phages produced because the phages grown on strain MCG69 subsequently plate on an IHF Ϫ strain. When the strains carry plasmid pH6wt, the difference in plating efficiencies on IHF Ϫ and IHF ϩ strains (ϳ10 4 ) is the same as when they do not carry any plasmids (compare MCG66/ MCG23 ratio with MCG33/MCG16 ratio). We subcloned two parts (as EcoRI-HindIII fragments) of these two HindIII fragments, from the HK022roi1 mutant fragment and from the HK022 wild-type fragment (Fig. 1) . As shown in Table 2 , the difference in plating efficiencies of HK022 on IHF Ϫ and IHF ϩ strains when they carry one of these four different cloned restriction fragments remains ϳ10
4
, suggesting that the mutation on the fragment carried by pH1 is close to the EcoRI site (see below).
Sequences of the roi gene and of three roi alleles. The sequence on both sides of the EcoRI site of the pH6wt insert was determined (Fig. 2 ). An open reading frame, in the direction of the pR transcript, was detected; it could encode a predicted protein of 241 amino acids (Fig. 2) . A ribosome binding site is present 7 bp upstream of the initiation codon located at nucleotide (nt) 19 (Fig. 2) . The predicted Roi protein has strong similarity, in its C-terminal part, with two proteins encoded by bacteriophage P1: Ant1 (the antirepressor) and KilA (a protein killing the cell) (16, 17) (Fig. 3) . Ant1, KilA, and Roi all show a helix-turn-helix motif in their C-terminal segment, suggesting that they are DNA-binding proteins (16) (Fig. 2) . A sequence that approximates the IHF consensus sequence (29) is found from nt 172 to nt 183 within the open reading frame (Fig. 2 ). An inversely repeated sequence overlaps the IHF binding consensus sequence (Fig. 4) .
We sequenced the roi1, roi2, and roi3 alleles and found in each a nucleotide change that modifies an amino acid of the Roi protein (Table 3 ). The roi1 mutation changes a residue located in the helix-turn-helix motif (Asn-163 replaced by Ser). In Roi2, Phe-195 located in the conserved region is substituted by a serine residue. The roi3 mutant carries a mutation inside the inversely repeated sequence, but it does not affect the IHF binding consensus sequence (Fig. 4) .
Gel retardation complexes with IHF and Roi. We speculated that IHF could bind the ihf site within the roi gene and possibly stabilize the interaction of the DNA-binding Roi protein with its target DNA, as happens in Mu repressor-operator interaction (1, 12) . The target of the Roi protein might then be located near the ihf site. A 47-bp fragment with the ihf site in the middle has been cloned and used in band shift assays with crude extracts containing either IHF, the Roi protein, or both (see Materials and Methods) (Fig. 5) . The presence of IHF results in the appearance of a retarded DNA fragment (lanes 2 and 4). Two weak retarded bands are detected when the extract contains Roi wt alone (complexes 1 and 2 in lane 7). A similar pattern was obtained with purified Roi (data not shown). The presence of both IHF and Roi wt results in the formation of a strong retarded band (Fig. 5 , complex 3 in lane 6) and of a minor one (complex 4 in lane 6). The specificity of interaction between IHF-Roi wt and this particular DNA segment was demonstrated by the fact that no similar complexes appeared when the ihf site at the right extremity of IS1 (13) was used as a target (data not shown).
Similar experiments were performed with extracts containing the different Roi mutants, and retardation patterns specific for each mutant were obtained. In the absence of IHF, the
FIG. 1. Restriction fragments of HK022roi1 and HK022wt cloned in the vector pUC19 (see Materials and Methods for details of construction).
The topmost line shows where in HK022 the fragments are located, and the P and Q genes are indicated. The names indicated correspond to pUC19 vector carrying these different fragments. Plasmids pH1, pH1⌬E1, and pH4⌬E1 carry fragments from HK022roi1; plasmids pH6wt, pB1wt, and pH2wt carry fragments from HK022wt. H, HindIII; E, EcoRI.
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on June 21, 2017 by guest http://jb.asm.org/ complexes 1 and 2 formed with Roi3 (Fig. 5, lane 11) were more abundant than those obtained with Roi wt (lane 7). With Roi1, the formation of complexes 1 and 2 was affected (Fig. 5 , lane 9), whereas no complexes were detected with Roi2 (lane 13). In the presence of IHF, no obvious differences were detected between Roi wt and mutants Roi1 and Roi3 (Fig. 5,  lanes 8 and 10, respectively) . Only a faint band, corresponding to complex 3, was detected with Roi2 (lane 12). 
DISCUSSION
We have identified a new gene, which we call roi, in the P-Q region of phage HK022. It specifies IHF dependence for lytic growth. The roi gene is dispensable for phage growth since HK022 derivatives lacking this region are viable and since related phages such as do not carry related roi genes. Bacteriophage P1 is the only one to carry genes (ant and kilA) related to roi: the predicted proteins P1 Ant1, P1 KilA, and HK022 Roi are similar in their C-terminal halves. They all carry a predicted helix-turn-helix motif, suggesting they are DNA-binding proteins.
Three independent mutants, no longer requiring IHF for growth, have been isolated and characterized. Each of the mutations specifies a single amino acid change in the Roi protein. The roi1 mutation changes the sequence of the helix- turn-helix motif, and the mutant protein is affected in its ability to bind DNA. The amino acid change in Roi2 is located in the C-terminal part, and no binding of the protein is detected; in the presence of IHF, a band corresponding to a multipartite complex is barely detected. Finally, the roi3 mutant contains a nucleotide change in the region where IHF and Roi bind, but this also results in an amino acid change. As no difference in the ability of Roi3 to bind either the wt sequence or the roi3 sequence was seen (data not shown), the change responsible for the observed phenotype must reside at the amino acid level rather than at the nucleotide level.
We have shown that Roi interacts with a site located within its coding region. Examples of a protein binding to a site located within its gene have been reported: such proteins include the bacteriophage O protein, which binds ori located in the O gene (11) , and the bacteriophage P22 C1 protein, which interacts with a promoter located in its coding region (25) .
Here we report that IHF helps, perhaps by stabilizing it, the interaction of a DNA-binding protein with a site located in its own gene. IHF plays an architectural role in the formation of various nucleoprotein complexes involved in different phenomena such as transcription activation, transcription repression, site-specific recombination, transposition, initiation of DNA replication, and plasmid partition. Binding of IHF could create a loop which stabilizes interaction of Roi with its binding site(s): this is reminiscent of the stabilization of the Mu repressor interaction with its operator (1, 12) . Interestingly, we noted the presence of an IHF binding site in the gene that encodes the related P1 Ant1 protein (from nt 855 to 867 in the sequence reported by Heisig et al. [17] ). Although nothing is known about the Ant1 binding site, IHF might also help or stabilize the interaction of Ant1 with a site located within the ant gene, in the vicinity of the IHF consensus sequence.
As discussed above, Roi is dispensable for HK022 lytic development and the reason for IHF dependence in the presence of Roi is not understood. IHF might either down-regulate the expression of Roi, inhibit the action of Roi, or both. If IHF is involved in modulation of Roi expression, Roi might be too abundant in the absence of IHF and have a direct effect on phage gene expression and/or inhibit cell growth. One can propose that the modulation of Roi expression is at a transcriptional or posttranscriptional level. It is difficult to imagine that a transcriptional modulation could occur at the transcriptional initiation stage as the pR promoter is located several kilobases upstream of the roi gene. An alternative hypothesis implicates IHF control of Roi expression at a posttranscriptional stage, as postulated for cII translation initiation (19) . As no evidence exists for the interaction of IHF with RNA and the IHF binding site is located far downstream from the initiation codon, we have to consider the possibility that Roi and IHF play a role in the release of a roi transcript affected in its translatability.
IHF might also exert its effect on the action of Roi. Among other hypotheses, Roi could be able to move along the DNA from an entry site until it reaches its target, as proposed for P1 Ant1 (28) . As IHF and Roi bind the same region, IHF might trap Roi in the vicinity of its entry site and thus prevent the tracking of Roi. Additional experiments will be required to elucidate the role of Roi and its effect on phage or cell growth.
Finally, in phage 80, a function, rha, presumably modulated by IHF, is also involved in the inhibition of growth in an IHF Ϫ host (18, 20, 21) . The rha gene is located in the late operon of phage 80, preceded by genes Q, S, and R, suggesting that Rha together with IHF may also be involved in the control of late gene expression. Further experiments with both systems will be necessary to test the interesting idea that IHF is used by the phage as an indicator revealing the physiological state of the cell during the lytic cycle: synthesis or action of these accessory proteins is inhibited as long as IHF interacts with the associated ihf site.
